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By 
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ABSTRACT 

The object of this thesis is to make a statistical 
investigation of the nature of the sliding friction process. 

The procedure was to obtain traces of the coefficient 
of sliding friction versus rider travel by means of an 
electrical recorder and then to calculate the root-mean 
square deviation as a percentage of the coefficient of 
friction. This rras/f is used as a criterion rather than 
the coefficient of friction itself. 

The results for copper on copper at constant load 
Indicate that, for graphite-lubricated specimens, nas/f 
increases with increase in surface roughness because of 
the Increase in size of the surface irregularities. 

The same effect is observed with clean specimens using 
large roughnesses. Results show that, for the maximum 
surface roughness employed, the percentage of total 
frictional force due to roughness is approximately 3# 
for clean surfaces and 7# for lubricated surfaces. For 
clean specimens, rrtis/f versus surface roughness decreases 
at the small roughnesses as the welding effect becomes 
less pronounced with Increase in roughness. 

Rras/f decreases with increase in load because, as the 
load and area of contact increase, the rider cannot follow 
the surface irregularities as closely as for light loads. 

It is concluded that the rraa/f varies regularly and 
systematically with sliding conditions and that its study 
provides a new insight into the nature of the sliding 
friction process. 

In view of the above, it is recommended that further 
studies be made using other metals of different physical 
characterisitics . 
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INTRODUCTION 



In spit* of the voluminous amount of study and 
research which has been accomplished in this field since 
the early discoveries of Amontons in the seventeenth 
century, the general nature of friction is still 
comparatively obscure. 

Palmer undertook the task of cataloguing the 
then existing theories concerning the causes of frictional 
forces which will be listed below in order to show that 
even now there is much discord over what actually 
causes the common phenomenon of friction. 

Intermeshing of Surface Irregularities 

Both Amontons and Coulomb considered that friction- 
al force was the result of the necessity of lifting the 
load over surface asperities, however minute, and that 
this force was then directly proportional to the load 
and independent of contact area. This reasoning is still 
held by some [a, §} today to be the proper theory. 

Molecular Forces 

In Bowden and Tabor W the area is defined as the 
actual area of contact rather than the apparent. This area 
may be simply measured by electrical conductivity at 
the interface of the sliding metals. It is then shown 
that an increase in the normal load produces an Increase 
in actual area of contact j but, under the same load, the 
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area cl' contact for the same metals remains constant 
regardless of surface roughness, Bowden's conclusicne are 
that frictional resistance is duo primarily to the 
shearing of weld3 at points of contact and secondarily to 
the work of plowing harder metals through softer. The 
results of their experiments showed that frictional 
force is proportional to actual contact area and 
independent ox’ normal load. 

Adhesion and Cohesion 

Two more, but less popular, molecular explanations 
are those of cohesion and adhesion. In cohesion, an 
external tangential force will tend to displace and 
rotate the molecules at the interface and below the 
surface of the two contacting metals. The resistance to 
this displacement and rotation is the frictional force. 

In adhesion, any reaction which causes the rotation of the 
molecules will Increase the force of attraction along 
the normal and, hence, the adhesion across the interface. 
Slectro static Forces 

This possibility has not been Investigated to the 
extent of the others, but la based upon the reasoning that 
when one dry surface slides over another j intimate contacts 
are formed, broken and reformed. When this occurs, electro- 
static forces may form a part of the friction phenomena. 
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Recent Theories 

Even with the above theories in existence, the work 
continues in further efforts to define the actual causes of 
frictional forces and their relations. Peng [53 in 
paper has presented one of the more recent theories in 
that shearing does not occur at the point of contact, 
as stated by Bowden, but that the sliding metals interlock 
at the interface and the actual shear occurs at some distance 
away from the interface rather than at the original contact 
surface where the mechanical interlocking offers a great 
resistance to the tangential force. 

Another phenomenon which should be mentioned is that 
of "stick-slip'*. When one metal slides over another in 
the proper speed range, the area of actual contact is 
small and a weld is formed. Further sliding is prevented 
until there is enough force to break the weld, When the 
weld breaks, sliding is accelerated, heat generated and 
the cycle repeats. 

The investigators, whose theories have been described 
in the preceding paragraphs, have devoted their experiments 
to the measurement of the coefficient of sliding materials 
under conditions of varying loads, surface roughnesses, 
velocity of sliding and lubricants. With the exception of 
Nagasu to] , however, there has been little consideration 
given to the possibility that the frequency distribution 















' • . ' • 

*_ 

■ 

n N** Al»V Aft M tl f I 1 »--' 

• , , 4 f ’»• 4 4 . » •• 

lA + U t m • !*• f » •< * *4* |4% *•<•' •* , U ^ 

•#f 4 I I 3 N*«* ttA*» -l4vi MM' *- < »* • • %TT»A 

. « « 1 4 ti ■ 



« • • • k^Jfw A | -I** «• 




m ■ * 

. 



, *” - ' * ♦» "* **• 1 



m . . 4 . . ■ • - , • ■ • • ' ♦ , • 
I nt- vf 0 ,u ifwi tA 




» ! t. 







4 



of the values of the coefficient of friction may aid in 
the explanation of the causes of frictional forces 
themselves. While Nagasu commented upon the apparent 
statistical variation of a number of his measurements 
of the coefficient of friction and expressed his inten- 
tion to further investigate, he has published no definite 
results of conclusions. It should be noted that the April 
1953 issue of Physics Abstracts listB Y. Nakano as 
having investigated the frequency distribution of the 
Bowden stick-slip length, thus indicating increasing 
interest in the statistical interpretation of previous 
works . 

The object of this work is to Investigate the 
variance of the root mean square deviation as a 
percentage of the coefficient of sliding friction of metals 
under conditions of varying loads, surface roughness and 
lubrication. It Is the authors’ hope that the results 
obtained will aid in the clarification and amplification 
of the understanding of the fundamental phenomena of 
friction. 
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PROCEDURE 



The method employed to obtain and evaluate data 
may be separated Into three steps as follows: 

Preparation 

The specimens were prepared to the desired finish 
by the use of emery polishing paper of the appropriate 
grit, making sure that the previous finish was removed 
and that the new finish was applied uniformly. A profll- 
ometer was used to determine the actual surface roughness 
of the specimen and to check the uniformity of the finish. 
In order to accomplish this, two prof ilome ter readings 
were taken on each specimen in directions normal to one 
another. The rider to be used was also finished with emery 
polishing paper to obtain an approximate hemispherical 
shape free of irregularities and contamination. 

Data Taking 

The specimen was mounted on a horizontal table which 
was rotated by an electric motor through a variable speed 
reduction gear. A three-stage pulley belt drive was 
used between the gear and the table to eliminate vibration 
carry over from the drive motor to the table and to make 
it possible to obtain slow sliding velocities. The rider 
loaded as desired, was connected to a strain gage whose 
resistance variations were transmitted electrically to a 
strain gage amplifier and recorded on chemical recording 
paper in the form of a trace. 



. 



- - . 

.... 

«#i •• * • . ’ v-* rium 

■ r ■ f - 

• » — 1* ~. 

* >. W % ^ M 0 | 

>i» »< • i |pi<9ii I--. 

.r. U»«i^l »■« M »k.<n*-^«v* >v*«t 

u 4£j Jj 

. 

Qw 11*4 **•# **» • tm*t ftflh* 
tor ■ r*U **# tiff W# ■ |^|* 

- 

5 • * ,••••!• I • *W ' 

. • - • - j 

. 



Analysis 

From the resulting trace, a selection was made of a 
section representing approximately 0.15 Inches of rider 
travel. The mean value of the coefficient of friction 
and the rsi3 deviation was then computed for this section 
by conventional raeane of statistical analysis. 



RESULTS 



The results of this Investigation are shown in 
Figures I through VII, inclusive 
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FIGURE 3ZL 

TRACE OF f VS RIDER TRAVEL 

STEEL ON BRASS 100 0 GM LOAD 

CLEAN SURFACES RMS NOT CALCULATED 
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FIGURE W 



TRACE OF -f VS RIDER TRAVEL 

TITANIUM (Tl 70) ON TITANIUM (Tl 70) 500GM. LOAD 

CLEAN SURFACES RMS NOT CALCULATED 

25 MAY 1953 REW.CET 



CHART NO 221 




DISCUSSION OF RESULTS 



Figures I, II, and III 

These figures Indicate that there Is a systematic, 
or statistical variation In the coefficient of friction 
when the roughness of the surface finish is varied at 
constant load. It will be noted that the curve in Figure 
I is one of increasing slope with increasing surface 
roughness. Briefly, the slope of this curve can be explained 
as follows* there is a constant value of rras/f which causes 
a finite displacement of the curve from the zero axis, 
to which is added a value of rras/f due to roughness which 
increases with roughness, thus causing this curve to 
have an ever-increasing positive slope. 

In substantiation of the above explanation. It is 
necessary to consider two different frictional phenomena. 

In the first place, it is believed that. If the curve In 
Pigure I were extended over the range of very smooth 
surfaces, its slope would decrease to zero as shown by the 
dashed line extension of the experimentally obtained curve. 
This indicates that there is some factor, probably the 
ploughing and welding components of friction force, which, 
since the load is constant, contributes an essentially 
constant value to the total rras/f. To this constant term 
must be added the effect due to roughness which can best be 
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explained as follows* when the surface roughness Is 
increased, the size of the surface irregularities is 
Increased. As the rider travels up the slope of 
an asperity, the instantaneous value of the coefficient 
of friotion rises in accordance with the relation, 
attributed to Ernst and Merchant to- that f » b/V ♦ tan 9 
where s is the unit shear strength of the softer metal, 
p the mean yield pressure, and 0 the slope of the 
asperity. It follows, then, that the value of the 
coefficient of friction decreases as the rider slides down 
the reverse slope, since tan 0 is then negative. This 
leads to a deviation in the instantaneous value of f from 
the mean value of f, and hence to a greater value of rms/f . 
As the roughness is increased still more, rms/f due to 
roughness increases due to an increase in tan 0 with 
roughness. In addition, rms/f tends to increase with 
roughness due to the fact that as roughness is increased 
the physical size of the hollows is increased, thus making 
it possible for the rider to more accurately follow the 
contour of the surface irregul air i ties since area of 
contact is constant at constant load. This, in turn, leads 
to more vertical motion of the rider and hence a greatex* 
rms/f. 

In Figure II, the curve of rms/f versus surface 
roughness, again shows a systematic variation; but, in this 
case, one which causes the curve to pass through a minimum. 
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This can best be explained by the welding theory of friction. 

Briefly, this theory states that as one metal passes over the 
clean surface of another, welding of the metallic Junction 
occurs. The subsequent shearing of the welded' Junction 
leads to a friction force. For this curve then, at very 
rough finishes, the value of rms/f is due to a combination 
of ploughing, welding and surface roughness. However, since 
the surface of the specimens used in obtaining this curve 
were clean, the effect of welding of metallic Junctions 
on rms/f is much more appreciable than was the case in 
Figure I. Furthermore, it is important to note that, when 
the surface is comparatively rough, the location of the 
instantaneous area of contact on the rider shifts from the 
forward portion, when the rider is moving up on an asperity, 
to the after portion, when the rider slides down the reverse 
slope. Therefore, the very presence of appreciable surface 
irregularities tends to shear off any welded Junctions while 
they are still comparatively small in size. Conversely, as 
the surface is made less rough, the tendency for the Junctions 
to be sheared while still small is lessened. This has been 
demonstrated experimentally many times. Thus, the force 
required to shear them will be greater. That is, each 
such Junction will cause a greater instantaneous value of 
f for smooth surfaces than for tfough surfaces, and the 
value of rms/f due to the welding effect will be correspond- 
ingly greater for smooth surfaces. 
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In summary, then, the shape of the curve in Figure II 
is explained in the following manner. At the maximum 
roughness, the value of rms/f is due to the three effects 
mentioned previously, ploughing, welding and surface 
roughness, As the roughness is decreased, the slope of 
the curve decreases since the effect due to roughness is 
decreasing at a greater rate than the effect due to welding 
is increasing. At the surface finish of approximately* 

10 micro-inches, the rate of change of these two effectB is 
equal, hence the curve has zero slope in this region. For 
finishes smoother than 10 micro-inches, the rate of increase 
of the welding effect becomes greater than the rate of 
decreases in the roughness effect. Thus, in this region, 
the curve has negative slope and the values of rms/f 
Increase as the roughness decreases. 

In connection with the above explanation, it is 
important to note that the shape of the curve depends 
primarily on the welding characteristics of the metals 
used for the test. For a different combination of metals, 
the curve might be very similar in shape to the curve in 
Figure I, or it might have a constantly decreasing negative 
slope with increasing roughness. Furthermore, it should be 
borne in mind that, while the welding effect is no doubt 
present for the curve of Figure I for lubricated specimens, 
the action of the graphite lubricant will reduce this effect 
to the point where it is of smaller order of magnitude. 








• ‘t • 9 *. » I .fin 4« |» u> 

, 

< 

. 

, . • 1 ' • • L * ■ ■ ., • 

i I *.£>. 4 

... l'.. i* 

* u * r» i .*• 1 i, ii» oW ■ .•* ' -on- rr t : * 

' . r . ' * i ' 1 

. v « • .* 1 * • - • • 

• * / •» 4 A 

U ti hi r>» n» i^c 97 1 » •oliiiiwi • al 






_ 

• - • - • • » • • • • .• 

, i ,4 . .. .. .1 * 

. 

n * . . • • • : 

•* . !. 4 . .. 

t f f *. ■ u» f 1 | >►« uu • l 

. ■ » 

, • .. ' • ■ 



» • ■ | M l «J- 



than the other two effects. Hence, in this discussion, 
the welding effect is assumed to be either constant or 
negligible for a lubricated specimen. 

Figure III shows the relative magnitude of the ms 
deviation for both clean and lubricated specimens. These 
curves were obtained by multiplying the curves of rms/f 
versus roughness as shown in Figures I and II by an average 
value of f , O.99 for clean surfaces and 0.15 for lubricated 
surfaces, and therefore represent no additional experimental 
data. They do, however, give a qualitative idea of the 
increase in the magnitude of the effect of shearing 
of welded Junctions. 

In addition, this figure shows that the maximum 
roughness effect on rms deviation for the lubricated 
specimens is approximately 0.01, and for the clean specimens 
it is approximately 0.03. The effect for the clean 
surfaces is probably larger than the above figure, since the 
curve does not demonstrate the value of rms when the 
roughness effect becomes negligible as precisely as does 
the curve for the lubricated specimens. The smaller value 
of roughness effect for lubricated surfaces is due to the 
fact that the graphite tends to reduce the vertical motion 
of the slider by filling the hollows between surface 
asperities. 

Finally, it is of interest to note the percentage of 
total friction force due to roughness. For the clean 
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surfaces, the ratio is 0.03/0.99 or 3*03#> while for 
the lubricated surfaces it is 0.01/0.15 or 6.67^. These 
values may be compared to those values of per cent 
mechanical lifting work of total friction work reported 
by Strang and Lewis {s}, who found values of 7*6# and 
2.5$ for two different cases of orientation of surface 
finish marks. However, there are several factors to 
note before comparing these ratios. First, their method 
of obtaining these values was completely different from 
that used in this investigation. Second, their surface 
roughness was more than twice as large as the maximum 
roughness for which data is shown in Figure III. Third, 
the ratio obtained from Figure III Is, theoretically, the 
same as that used in reference VpJ , only when the surface 
topography is such that 0 is constant and equal for both 
the forward and after slopes, of the asperities. 

Figures IV and V 

The lines plotted on these two figures have negative 
slope. This is caused by the fact that at light loads 
the true and apparent areas of contact are small, hence 
the rider can follow the contours of surface irregularities. 
This gives ri3« to an appreciable tan 0 term, as mentioned 
previously, and, therefore, a relatively high value of rms/f . 
As the load is increased the area of contact increases. 
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Since the tip of the rider Is hemispherical, this means 
that it will not be possible for the rider to follow the 
contours of the irregularities as closely as for a light load. 
Thus, the tan Q term and the rms deviation are smaller for 
higher loadB. 

The magnitude of the values of nns/f are greater for the 
lines in Figure V than in Figure IV for basically the same 
reason that the lines have a negative slope. That is, for a 
rough finish, as in Figure V, the hollows will be wider and 
the rider will be able to follow the contours of the irregul- 
arities under higher loads than in the case of a smoother 
finish such as Figure IV. The rmo/f will, therefore, be higher 
for a rough finish than for a smooth one at any given load. 
Unsuccessful Tests 

In addition to tests of copper on copper, a consid- 
erable amount of data was recorded for steel on brass for 
varying load3 and surface finishes. However, it proved 
impossible to obtain any truly representative data inasmuch 
as, after a few millimeters of travel, the rider became 
smeared with brass, and any results so obtained would be for 
an unknown combination of steel and brass on brass. It was 
hoped that for light loads, data could be obtained, at 
least for lubricated specimens. Since microscopic examination 
of the rider after very short travel under such conditions 
revealed traces of brass, this line of investigation 
was abandoned. It was further decided that brass on 
steel would also yield unsatisfactory results since. 
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for a finite area of contact of a brass rider on a steel 
specimen, some part of the rider would travel over brass 
deposited on the steel by a preceding portion of the 
rider. A sample trace is shown in Figure VI. 

An attempt was also made to obtain results similar 
to these obtained for copper on copper for titanium (Ti-70) 
on titanium (Tl-70). In this case, the traces obtained 
showed that the predominant action occuring over the 
entire range of roughness was that of stick-slip. 

Figure VII la a sample trace of such action. Stick- si ip 
is characterized by a uniformly repeating cycle of welding 
and then shearing of metallic junctions. iDue to the 
entirely different character of these traces, the methods 
of analysis used in this investigation could not be 
applied without extensive revision. 
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CONCLUSIONS AND RECOMMENDATIONS 



It is concluded that the root-mean square deviation 
as a percentage of the coefficient of sliding friction 
varies regularly and systematically with the sliding cond- 
itions • 

It is further concluded that the study of rms/f 
under varying conditions of sliding provides an additional 
technique for investigating the nature of the sliding 
friction process. 

It is recommended that further studies be made 
of rras/f using other metals of different physical 
characterisitics . 
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A. Decalls of Apparatus 

The sliding friotion measurement apparatus used in 
this Investigation is shown in Figure VIII. Briefly, this 
equipment operates as follows: as the material of the 

specimen moves from left to right under the rider, the 
friction force developed deflects the rider arm assembly 
to the right and hence distorts the ring frame on which 
the strain gage Is mounted. This, then, extends the 
strain gage and changes its resistance characteristics. 

In effect, this extension is transmitted electrically to 
the recorder and causes changes in the position of a 
scribe on a moving atrip of chemically treated paper. 

The entire assembly is calibrated by applying a known 
force normal to the rider ana and determining the resultant 
deflection of the scribe from the recorder zero. 



FIGURE VTTT 



SLIDING FRICTION MEASUREMENT APPARATUS 

25 MAY 1953 REW.CET 




FROM DRIVE MOTOR 




RECORDER 



I 



B. Details of Method of Analysis 



Th© method used to analyse the traces of f 
versus rider travel obtained in this investigation can 
be conveniently separated into the following steps $ 

1) Selection of section of trace to be analyzed. 

2) Reading the instantaneous value of f for eadi 
longitudinal division of the selected 
section of the trace. 

3) Calculation of rms/f » 

4) Calculation of normal curve and significance 
factor “X? . 

Selection of Section of Trace to be Analyzed 

The selection of the section of the trace to be 
analyzed was based on two primary considerations . First, 
the section chosen for analysis should be typical of 
the trace as a whole and, second, the section should be 
such that the trace is distributed about a mean line which 
is horizontal, not sloping. In addition the length of 
the section was arbitrarily set so that the section 
represented approximately 0.15 inches of rider travel to 
insure that, for all traces, an equal length of rider 
travel, not friction trace, would be analyzed. Furthermore, 
rider travel of this length gave an adequate, but not 
overly large, amount of data for analysis of the trace. 
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Reading Instantaneous Value of f 

On the section of the trace selected for analysis, a 
base line Is drawn in any arbitrary position. The 
distance of the trace from this base line is then 
measured with the aid of a magnifying glass for each 
longitudinal division of the section in terras of the 
number of vertical divisions plus an estimate of tenths 
of ouch a division. 

Calculation of rms/f 

The first step in calculating rms/f is to calculate 
the arithmetic mean with respect to the arbitrarily chosen 
base line for the N values of distance of the trace from 
this base line. The arithmetic mean, X, is defined as 
follows* 1 - i(x ■*> X .... X M ) where X , X , etc. 
represents the individual ordinates. 

Once the arithmetic mean has been calculated, it 
is then possible to find the ras deviation by the 



Hie ratio ras/f is then equal to rms/X* distance zero to 
base line. 

The root mean square, or second moment, was chosen 
as the criterion of deviation since this quantity is 
more reliable than that calculated by moments of any other 
degree. The general formula for the proportional probable 



relationship that 
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error, u, as stated by Gauss and quoted by Birge £9^ , 
Is u ■ 0.4769/ri^. In this investigation, the average 
N was approximately 180, so, in general, 
u • O.4769 x 100/(180)^ ■ 3*55#« However, the adjacent 



ordinates obtained are not necessarily independent of each 
other, hence the number of independent ordinates will be 
less than N and the value of u would be higher, probably 
of the order of 5# instead of 3»55#» 

Calculation of Noras! Curve and Significance Factor X s 

The first step in calculating the normal curve Is to 
calculate the ordinates of the histogram. Since the 
histogram is merely a plot of recurrence frequency vs 
class Interval, it is necessary to divide the N ordinates 
previously obtained into a convenient number of classes, 
approximately twenty, and count the number of ordinates 
which fall in each class. The area under the histogram 
will be equal to the total number of ordinates, N. 

The ordinates of the normal curve for any class 
x can be mnf.haMifi *1^ *« 



1 /*^~ x V 

which is derived from the above, letting x = Iria.* / ) 




However, tables for this function, such as those in Hoel £10] , 
are usually calculated for the expression 
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bo that the percentage of area to the left of x above Is 
the same as the percentage of area to the left of t; 




In order to fit the normal curve to the histogram, the 
ordinates of the normal curve resulting from the above 
expression must be multiplied by the ratio of area under 
the histogram to area under the normal curve* 

The significance factor %. was calculated for three 
typical traces in order to determine how closely the 
observed frequency compared with the normal, or theoretlcl, 
frequency distribution. 

In order to calculate It is necessary only to 

find 

\ (Theoretical Frequency - Observed Frequency) 2 
/ _ theoretical Frequency 

Then, entering a table of significance points, P, of 

9(. such as Appendix Table 3 in Yule and Kendall £ll3 * 

with 9 C and the number of classes, the significance factor 

can be obtained. Incidentally, the number of classes for 

this calculation will not necessarily be the same as the 

number for the previous step, since it is acceptable 

to combine classes so that no one class has a theoretical 

frequency of less than approximately five. The significance 

factor so obtained indicates the probability of getting 
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values X 2 greater than the one obtained. For example. 

If for one test P were equal to 0.22, thie would Indicate 
that if one hundred similar tests were made, a better 
correlation of normal and observed frequency (lower X 2 ) 
would result on seventy-eight such tests. 

The three traces for which X s was calculated were 
for copper on copper with details of the tests and 
results an shown in Table I. Conventionally, very 
low values of P (of the order of 0»01) are regarded as 
indicating a poor fit, and moderate valxiee denote a 

t 

reasonably good fit. Por the first of these tests In 
Table I, the value of P shows good correlation of 
experimental distribution with normal distribution. The 
other two tests indicate significance factors which are 
rather low, but still within acceptable limits for 
experimental data. The importance of this criterion Is 
that the method of analysis employed in this investigation 
becomes less accurate as the distribution diverges from 
normal. However, it is still the method with least Inherent 
probable error . 








*IW4 «' 



TABLE I 



31 



CVI 


t- 


m 


m 


o 


o 


• 


• 


» 


o 


o 


o 



to co 

o w 

ca 

'• CA 

o < 

55 wl 

O 



fO (\l 00 

H i-4 r-l 



*1 



CVI 


.*■ 


t- 


oo 


o 


01 


• 


• 


• 




o 


o\ 


r-H 


CVI 


CVI 



SC 25 




H 

IS 

o 

« 

s 



3 

© 

o c © 

■H c) O 
■P -P «H 

■h © x: 
«30ft 

<H eti 

d d ju o 
curio as 



© 

d 



o 

< 

o 

A 





dO 


Cl 




a 


4} 


0) 


X! 


x: 


jc 


o 


o 


o 


d 


d 


c 






-H 


1 


t 


1 


o 


O 


O 


u 


*« 


u 


o 


o 


o 






c 


a 


6 


in 


in 


in 


«H 


H 



1 § I 

s s s 



o o o 

o ~ 

H 



Q a a 



FIGU 







I 










C. SAMPLE CALCULATION 



To further illustrate the method of analysis 
as explained in Appendix B, a sample calculation of the 
analysis of a trace follows. The histogram and normal 
curve for the trace is shown in Figure IX. A section 
of the trace itself is shown in Figure XV- A. retails 
of this teat are* Copper on Copper 100 G>1. Load 

5 micro-inches Surface Roughness 
Palmitic Acid in Cetane Lubrication 



TABLE II 



Observed 


Data 




Sta. 


Ord. 


Sta 


0 


3.4 


24 


. 1 


3.1 


25 


2 


3.3 


26 


3 


3.1 


27 


4 


3.5 


28 


5 


3.4 


29 


6 


3.4 


30 


7 


3-0 


31 


8 


3.0 


32 


9 


3-3 


33 


10 


3-6 


34 


11 


3-3 


35 


12 


3.2 


36 


13 


3.1 


37 


14 


3*0 


38 


15 


3.6 


39 


16 


3.8 


40 


17 


3.4 


41 


18 


2.9 


42 


19 


3.1 


43 


20 


3-3 


44 


21 


3.4 


45 


22 


3.2 


46 


23 


3.0 


47 



Ord. 


Sta . 


Ord. 


3.1 


48 


3-0 


3.2 


49 


3.2 


3*3 


50 


3.1 


3-4 


51 


3-3 


3.6 


52 


3.8 


3.3 


53 


4.0 


3.2 


54 


3.6 


3.0 


55 


3.4 


2.6 


56 


3-5 


2.7 


57 


3*7 


2.8 


58 


3.6 


2.8 


59 


3-7 


2.9 


60 


3.8 


2.9 


61 


3.8 


3.0 


62 


3-3 


3.0 


63 


3.8 


3.0 


64 


3.4 


3.2 


65 


3.2 


3.7 


66 


3-3 


3.6 


67 


3.2 


3*3 


68 


3.1 


3.3 


69 


3.1 


2.9 


70 


3.2 


3.0 


71 


3.2 
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TABLE II (Cont.) 



Observed Data (Cont. ) 



Sta. 


Ord. 


Sta. 


Ord. 


Sta. 


Ord. 


72 


3.3 


96 


3.8 


120 


3.6 


73 


3.0 


97 


3.7 


121 


3.3 


74 


3.0 


98 


3.7 


122 


3.3 


75 


3.0 


99 


3.6 


123 


3.2 


76 


2.9 


100 


3.7 


124 


3.1 


77 


3.2 


101 


4.0 


125 


3.0 


78 


3.3 


102 


4.1 


126 


3.0 


79 


3.2 


103 


3.8 


127 


3-0 


80 


2.6 


104 


3.4 


128 


3-2 


81 


3.0 


105 


3.4 


129 


3.0 


82 


3.2 


106 


3.5 


130 


2.9 


83 


3.2 


107 


3.7 


131 


3.0 


84 


3.3 


108 


3.6 


132 


3.0 


85 


3.1 


109 


3.4 


133 


3.1 


86 


3.1 


110 


3.3 


134 


3.2 


87 


3.1 


111 


3.3 


135 


3.2 


88 


3.2 


112 


3.8 


136 


3.4 


89 


2.9 


113 


3.6 


137 


3.2 


90 


2.7 


114 


3.4 


138 


3.1 


91 


2.6 


U5 


3.4 


139 


3.1 


92 


3.2 


116 


3*6 


140 


3.1 


93 


3.5 


117 


3.1 


141 


2.9 


94 


3.9 


118 


3.2 


142 


2.3 


95 


3.4 


119 


3.5 


143 


2.4 
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TABLE II (Cont.) 



Observed 


Data 


Sta • 


Ord 


144 


3.0 


145 


2.8 


146 


2.9 


147 


3.3 


148 


3.7 


149 


3.9 


150 


3.3 


151 


3.3 


152 


3.3 


153 


3.2 


154 


3.1 


155 


3.2 


156 


3.6 


157 


3.3 


158 


3.5 


159 


3.5 


160 


3.2 


161 


3.0 
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TABLE III 



Calculation of rms/f 



Ord. 


Obo. freq. 


u 


2.3 


1 


-0.97 


2.4 


1 


- .87 


2.5 


0 


- .77 


2.6 


2 


- .67 


2.7 


2 


- .57 


2.8 


4 


- .47 


2.9 


9 


- .37 


3.0 


22 


- .27 


3.1 


18 


- .17 


3.2 


25 


- .07 


3.3 


23 


♦ .03 


3.4 


15 


♦ .13 


3.5 


7 


♦ .23 


3.6 


12 


♦ .33 


3.7 


8 


+ .43 


. 3.8 


8 


♦ .53 


3.9 


2 


♦ .63 


4.0 


2 


♦ .73 


4.1 


1 


♦ .83 




162 




" - 3.27 - 


• 0.84/162 - 


3.265 


2 - 15.8338/162 - 0.0977 


- 0.3125 


* r ms 





of 


u 2 f 


-0.97 


0.9409 


-0.87 


0.7569 


-0.00 


0.0 


-1.34 


0.8978 


-1.14 


0.6498 


-1.88 


0.8836 


-3.33 


1.2321 


-5.94 


1.6038 


-3.06 


0.5202 


-1.75 


0.1225 


+O.69 


0.0207 


♦1.95 


0.2535 


♦1.61 


0.3703 


♦3.96 


1.3068 


♦3.44 


I.4792 


♦4.24 


2.2472 


♦1.26 


0.7938 


♦1.46 


I.O658 


♦0-83 


0.6889 


-0.84 


15.8338 



rms/f - 0.3125/4.265 - 0.0733 
f • - 3.265 ♦ 1.000 - 4.265 
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TABLE IV 



Calculation 


of Ordinates of Normal 


Curve 




Ord. 


Ord. -3* 27 


t 


f(t) 


Theo. Freq 


2.3 


0.97 


3.100 


0.003 


0.2 


2.4 


0.87 


2.780 


0.008 


0.4 


2.5 


0.77 


2.460 


0.019 


1.0 


2.6 


0.67 


2.140 


0.040 


2.1 


2.7 


0.57 


1.825 


0.076 


4.0 


2.8 


0.47 


1.500 


0.130 


6.8 


2.9 


0.37 


1.184 


0.197 


10.2 


3-0 


0.27 


0.864 


0.276 


14.4 


3.1 


0.17 


0.544 


0.345 


17.9 


3.2 


0.07 


0.224 


0.389 


20.2 


3-3 


0.03 


0.096 


0.397 


20.7 


3.4 


0.13 


0.416 


0.365 


19.0 


3-5 


O.23 


0.736 


0.303 


15.8 


3.6 


0.33 


1.088 


0.220 


11.4 


3-7 


0.43 


1.375 


0.156 


8.1 


3.8 


0.53 


1.695 


0.094 


4.9 


3.9 


O.63 


2.015 


0.053 


2.8 


4.0 


0.73 


2.330 


0.026 


1.4 


4.1 


O.83 


2.660 


0.012 


0.6 



3.114 
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Multiplier ■ 52.023 
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TABLE V 



Calculation of ~X- 2 



Col. 1 


Col. 2 


Col. 3 


Col. 4 


Col. 5 


Theo. Freq. 


Obs. Freq. 


Col • 2 -Col 9 


1 (.Col . 3 ) 2 


Col. 4/Col 


20.7 


23 


2.3 


5.29 


0.26 


19.0 


15 


4.0 


16.00 


0.84 


15-8 


7 


8.8 


77.44 


4.90 


11.4 


12 


0.6 


0.36 


0.03 


8.1 


8 


0.1 


0.01 


0.00 


4.9 


8 


3.1 


9-61 


1.96 


2.8 


2 








1.4 


2 


0.2 


0.04 


0.01 


0.6 


1 








20.2 


25 


4.8 


23.04 


1.14 


17.9 


18 


0.1 


0.01 


0.00 


14.4 


22 


7.6 


57.76 


4.01 


10.2 


9 


1.2 


1.44 


-.14 


6.8 


4 


2.8 


7.84 


1.15 


4.0 


2 


2.0 






2.1 


2 








1.0 


0 


1.7 


2.89 


0.38 


0.4 


1 








0.2 


1 









"X * 14.82 

Number of classes • 13 

From Appendix Table 3, Yule and Kendall jll] 

P - 0.32 
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D: SAMPLES OP ORIGINAL TRACES 



This section contains Figures XII through DVIII 
which show fourteen traces of f versus rider travel 
from which rms/f was calculated. These traces are 
typical of those by means of which the points 
on Figures I, II, III and IV were obtained. 



FIGURE XK 



TRACE OF f VS RIDER TRAVEL 

COPPER ON COPPER 500 GM LOAD 

5 p-JN SURFACE ROUGHNESS 25 MAY, 1953 

REW, CET 



A, CLEAN 




B. GRAPHITE LUBRICATION 




FIGURF XTTT 



TRACE OF f VS RIDER TRAVEL 

COPPER ON COPPER 500 6M LOAD 

15 Xi-IN, SURFACE ROUGHNESS 25 MAY, 1953 

REW,CET 



A. CLEAN 




B. GRAPHITE LUBRICATION 




.o«4 5" 

INCHES OF TRAVEL 



a ofc? 



FIGURE ~W 



TRACE OF f VS RIDER TRAVEL 

COPPER ON COPPER 500 CM LOAD 

65 JJ-IN SURFACE ROUGHNESS 25 MAY, 1953 

REW, CET 



A. CLEAN 

nbor’V fbunapapex 




0 . 032 * 0.0 IS 

INCHES OF TRAVEL 



B. GRAPHITE LUBRICATION 
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FIGURE :XZ 

TRACE OF f VS RIDER TRAVEL 

COPPER ON COPPER IOO GM .LOAD 

5 )J*IN SURFACE ROUGHNESS LUBRICATED 

25 MAY, 195 3 R EW, CEP 



A. FALMITIC ACI D INC E TAN E 




,B. GRAPHITE 




o.o-l o.ofc 

INCHES OF TRAVEL 



FGURE SZI 



TRACE OF f VS RIDER TRAVEL 

COPPER ON COPPER 2500GM LOAD 

5 JJ-IN SURFACE ROUGHNESS LUBRICATED 

25 MAX 1953 REW.CET 

A. PALMITIC ACID IN CETANE 
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INCHES OF TRAVEL 



B. GRAPHITE 
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FIGURE 3EH 



TRACE OF f VS RIDER TRAVEL 



COPPER ON COPPER IOO GM LOAD 

65 AMN SURFACE ROUGHNESS LUBRICATED 



25 MAY, 1953 



REW,CET 



A, PALMITIC ACID IN CETANE 




B. GRAPHITE 




6.035 0.070 

INCHES OF TRWEL 



FIGURE 2Em 



TRACE OF f VS RIDER TRAVEL 

COPPER ON COPPER 2500 GM LOAD 

65 )J*IN SURFACE ROUGHNESS LUBRICATED 

25 MAX 1953 REW.CET 
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